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After an immune response, the expanded population
of antigen-specific CD4+ T cells contract to steady
state levels. We have found that the contraction is
neither cell-autonomous nor mediated by competi-
tion for generic trophic factors, but regulated by rela-
tively rare subsets of neighboring CD4+ T cells not
necessarily of a conventional regulatory T cell
lineage. These regulators, referred to as deletors,
specifically limit the frequency of particular antigen-
specific T cells even though they are not reactive to
the same agonist as their targets. Instead, an isolated
deletor could outcompete the target for recognition
of a shared, nonstimulatory endogenous peptide-
MHC ligand. This mechanism was sufficient to
prevent even agonist-driven autoimmune disease in
a lymphopenic environment. Such a targeted regula-
tion of homeostasis within narrow colonies of T cells
with related TCR specificities for subthreshold
ligands might help to prevent the loss of unrelated
TCRs duringmultiple responses, preserving the valu-
able diversity of the repertoire.
INTRODUCTION
The number of T cells in the peripheral immune system is tightly
regulated in health and disease. In the steady state, homeostatic
processes maintain a stable population of helper T cells,
balancing thymic output with normal attrition (Freitas and Rocha,
2000). Infections trigger a dramatic expansion of otherwise rare
antigen-specific T cells, but this is transient and the population
density is restored soon after the pathogen is cleared. Further-
more, a separate set of processes ensure that T cells capable
of reacting to self-antigens are eliminated from the population
by clonal deletion (Gardner et al., 2008). These various elimina-
tion mechanisms must also be discriminating enough to ensure
that a diverse set of T cell receptors (TCRs) are still retained in
the peripheral repertoire in order to maintain defenses against
as wide a variety of future infections as possible. Given that
each T cell response yields a large frequency of expanded path-
ogen-specific T cells, if the subsequent contraction was regu-lated by stochastic processes, it could also lead to a large loss
of unrelated ‘‘bystander’’ T cells and therefore a progressive
loss of repertoire diversity over multiple infections. The cellular
mechanisms that ensure such precise homeostatic control,
especially for CD4+ T cells, are not clear.
In the last two decades, reductionist approaches to study
this complex problem have focused on understanding the regu-
lation of T cell survival. These studies have coalesced around
a conceptual framework based on competition for limiting
trophic resources, keeping T cell subsets within certain popula-
tion limits (Freitas and Rocha, 2000). Strong antigenic stimulation
can allow the antigen-specific T cell numbers to exceed these
limits but the population returns to competing for the limiting
interactions after antigen clearance. The critical trophic factors
that anchor this process can be segregated into two categories:
public and cognate. The former are sensed by receptors not
related to the TCR and therefore do not respect the antigen
specifities of the T cells competing for them. These include cyto-
kines, such as interleukin-2 (IL-2), IL-7, and IL-15, and thymic
stromal lymphopoietin (TSLP), as well as nutrients, costimulatory
molecules, etc. (Schluns and Lefranc¸ois, 2003; Surh and Sprent,
2005; Takada and Jameson, 2009). The cognate factors, on the
other hand, require sensing via the TCR, with the stimulatory
antigen being the best example (Obar et al., 2008; Smith et al.,
2000).
Even within these models, the relative contribution of either
category to T cell survival, especially in the context of CD4+
T cells, is far from clear. Early experiments suggested that
TCR-major histocompatibility complex (MHC) interactions were
quite critical for survival (Kirberg et al., 1997; Polic et al., 2001;
Takeda et al., 1996; Tanchot et al., 1997). Subsequent experi-
ments, however, controlling for factors such as cell proliferation
and rejection, concluded thatMHC-II recognition was not neces-
sary for CD4+ T cell survival, and therefore could not be the crit-
ical determinant of their population control (Dorfman et al., 2000;
Grandjean et al., 2003).
A second set of experiments critical to understand peripheral
homeostasis is the behavior of CD4+ T cells in lymphopenic
models. Under these conditions, otherwise quiescent naive
T cells can proliferate and differentiate, even in the absence of
their cognate antigen (Cho et al., 2000; Oehen and Brduscha-
Riem, 1999). In fact, this behavior has severe clinical ramifica-
tions, where aggressive immunopathology results from the
response of T cells in lymphopenic conditions generated during
bonemarrow transplants, HIV infections, etc., and even hampersImmunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc. 735
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Figure 1. Neighbors Regulate the Frequency of Autoreactive T Cells
(A) Kinetics of expansion and contraction of PCC reactive 5C.C7, Rag2/
T cells in pooled lymph nodes and spleen of lymphopenic PCC+,Cd3e/mice
(open squares) compared to that in similar recipients who received 106 poly-
clonal CD4+ (red triangles) or CD8+ (green circles) T cells 1 day earlier. Data
pooled from two experiments; n = 4 per time point.
(B) The number of 5C.C7 T cells in pooled lymph nodes and spleen of PCC+,
Cd3e / mice that were first injected with 0.5 (Foxp3-gfp+/) or 1 3 106 cells
(all other groups) of flow cytometry-sorted CD4+ polyclonal T cell subsets (as
labeled on the x axis) and harvested 26 or 40 days later. In a one-way ANOVA
analysis, the control (0) group was significantly (p < 0.001) different from
all other groups, but the differences between subsets were not significant
(p > 0.05). Data are from two separate experiments with n = 3 or 4 per group.
Immunity
Targeted Regulation of T Cell Homeostasisconventional tolerance induction (Brown et al., 2006; Schietinger
et al., 2012; Singh et al., 2006; Wu et al., 2004).
The common explanation for this lymphopenia-driven T cell
proliferation is that it reflects a response to an overabundance
of trophic factors that normally maintain peripheral homeostasis.
It occurs even in MHC-II deficient environments (suggesting that
the public factors alone are relevant) (Clarke and Rudensky,
2000; Grandjean et al., 2003), but it can only be blocked by
packing the host with cells of the same clonotype (suggesting
instead that cognate factors are critical) (Moses et al., 2003;
Troy and Shen, 2003). This paradox has nevertheless led to the
notion of ‘‘clonal competition,’’ which suggests that long-term
population control in the peripheral CD4+ T cell compartment
is achieved by narrow competition between identical clones of
T cells (Hataye et al., 2006). However, it is very difficult to extrap-
olate such data from TCR transgenic model systems to a truly
polyclonal scenario. The frequency of any particular clonotypic
receptor in such a repertoire is likely to be exceedingly low,
making it difficult (but not impossible) to mediate such potent
effects (Quiel et al., 2011). In the absence of a high-resolution
functional dissection of natural polyclonal repertoires of T cells,
our understanding of these control mechanisms remains very
limited.
To address these issues, we designed a series of cellular
experiments exploiting the contrasting behavior of T cells in
lymphopenic or intact environments. After exhaustively elimi-
nating competition for public or conventional cognate factors
as the primary regulators of T cell frequency in these models,
we took apart a polyclonal population in order to isolate the regu-
latory component ab initio. In an unbiased in vivo screen, we
identified a specific T cell that was sufficient to constrain the
numbers of the self-reactive T cell and prevent its pathogenicity,
even in a lymphopenic environment. This control mechanism,
which we call ‘‘deletor’’ activity, involves specific T cells that
can impart a survival disadvantage onto self-reactive T cells,
even in the absence of the latter’s agonistic antigen, by
competing for a shared subthreshold self-ligand. These data
suggest that peripheral CD4+ T cells are functionally organized
into relatively small colonies, as a result of the communal recog-
nition of specific subthreshold ligands. The control of population
dynamics primarily at the level of such colonies may have
evolved to reduce the risk of broad bystander repertoire loss
during each immune response.
RESULTS
Neighboring CD4+ T Cells Limit the Pathogenic Potential
of Autoreactive T Cells
A dramatic illustration of the consequences of perturbing
homeostatic processes in the peripheral immune system is the
behavior of T cells in clinical or experimentally induced lympho-
penic environments. A model for dissecting these sequelae
involves adoptively transferring antigen-specific T cells to mice
expressing the target antigen. In experiments using 5C.C7
TCR-transgenic T cells responding to a self-antigen (transgeni-
cally expressed pigeon cytochrome C [PCC] under an MHC-I
promoter) in mice that are T cell deficient (PCC+, Cd3e/) or
intact (PCC+, with endogenous T cells), we have shown that
autoimmune arthritis develops only in the lymphopenic host736 Immunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc.(Singh et al., 2006). The absence of disease in T cell-intact hosts
correlated with a slow ‘‘deletion’’ of the self-reactive T cells that
was not observed in the T cell-deficient hosts. This suggested
that host T cells are critical for effective control of the antigen-
specific response and can help decide between ‘‘disease’’ and
‘‘tolerance’’ in this context. We therefore designed a series of
experiments aimed at identifying the activity within a polyclonal
host T cell repertoire —which we will refer to as ‘‘deletor’’
activity—that elicits a phenotype akin to ‘‘clonal deletion’’ in
self-reactive T cells.
Suchdeletors are primarily containedwithin thematureperiph-
eral T cell population because self-reactive T cells in a PCC+,
Cd3e / host could be controlled by introducing new polyclonal
T cells, and this did not require continuous thymic output (Figures
S1A and S1B available online). Deletors were also absent in
PCC+, Tcra/ mice, implying that they are ab T cells rather
than gd T cells (Figure S1C). In fact, simply transferring a million
flow cytometry-sorted CD4+ polyclonal ab T cells a day before
the 5C.C7 transfer was sufficient to trigger a 95% contraction,
whereas CD8+ T cells had only a minimal effect (Figure 1A).
However, the deletor activity could not be further fractionated
within the CD4+ pool based on the expression of CD44, CD25,
or FOXP3 (Figure 1B). This suggested that simply the presence
of an abundance of neighboring CD4+ T cells might be sufficient
to control the population dynamics of antigen-specific T cells.
The Frequency of Autoreactive T Cells Is Unaffected
by Public or Clonal Competition
The ability of host CD4+ ab T cells to limit the frequency of the
pathogenic CD4+ 5C.C7 T cells appeared to conform to existing
ideas regarding homeostasis of naive and memory T cells, i.e.,
a result of trophic competition between T cells of the same
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Figure 2. Neither Public nor Cognate
Competition between T Cells Is Sufficient
to Control T Cell Density
(A) The kinetics of expansion of 5C.C7,Ly5.1+
T cells in pooled lymph nodes and spleen of
Rag2/, PCC+ animals (empty blue squares)
compared to A1(M), Rag2/, PCC+ mice (red
circles) (n = 1 per time point; one of four similar
experiments)
(B) The reverse experiment of (A), following the fate
of A1(M) T cells in male Rag2/mice (open green
squares) or in 5C.C7 TCR+, Rag2/ mice (blue
circles; n = 1 per time point; one of four similar
experiments).
(C and D) 5C.C7 T cells transferred to male PCC+,
Cd3e/ mice either alone (open blue squares) or
together with A1(M) T cells (red circles). The
expansion of the 5C.C7 T cells in pooled lymph
nodes and spleen are plotted in (C) and the data for
A1(M) T cells (alone, open green squares; together,
blue circles) in the same experiment are plotted in
(D) (n = 1 per time point; one of three similar
experiments). Also see Figure S2A.
(E and F) Chimeric mice generated to have PCC+,
H-2a bone marrow-derived cells in a H-2b body
were used to adoptively transfer another PCC-
specific T cell AND (H-2b) together with the 5C.C7
T cell (H-2a). The peripheral T cell populations were
recovered and analyzed 40 days after transfer
(flow cytometry profiles in [E] and cell enumeration
in [F]) (one of three similar experiments; in t tests,
5C.C7 alone versus 5C.C7 in mix, p = 0.054; AND
alone versus AND in mix, p = 0.6564).
Immunity
Targeted Regulation of T Cell Homeostasislineage. In order to test this, we replaced the complete lympho-
penia of a Cd3e/ host with selective populations of CD4+
T cells of known specificity. A1(M) T cells (specific for the Dby,
male-specific antigen) serve as the best example of this, given
that they are restricted by the same MHC as 5C.C7 (IEk) and
can therefore compete for all the public niches, except the
cognate antigen. They could also be examined under different
contexts, with 15 million naive T cells occupying the CD4+
niche (in Rag2/ TCR transgenics that are PCC+ or male)
or by transferring them to male, PCC+, Cd3e/ mice, in which
both A1(M) and 5C.C7 would have cognate antigenic stimula-
tion. Surprisingly, even with an abundance of the other T cells
in the naive (Figures 2A and 2B) or activated (Figures 2C
and 2D) state, neither the 5C.C7 response to PCC (Figures 2A
and 2C) nor the A1(M) response to Dby (Figures 2B and 2D)
was affected. This was not unique to the A1(M)-5C.C7 pair (Fig-
ure S2A) because three other TCR transgenics (3A9, 3L2, and
Marilyn) also failed to demonstrate any deletor activity against
5C.C7 (Figure S2). These data suggest that generic competition
for cytokines or nutrients are unlikely to be the sole mechanism
for the deletor activity.
In the absence of public competition, it was possible that the
deletor may simply be competing in a cognate-antigen-specificImmunity 37, 735–746,fashion. In the PCC model, ubiquitous
expression of the antigen is known to
eliminate PCC-specific T cells in the poly-
clonal repertoire during thymic develop-ment (Oehen et al., 1996). Therefore, high-affinity TCRs specific
for PCC should not be present in the periphery in numbers suffi-
cient to mediate potent antigen-specific competition. Neverthe-
less, we tested the AND TCR transgenic, which is also specific
for PCC, for its ability to delete 5C.C7. Using chimeric mice
generated to have PCC+, H-2a bone marrow in a H-2b body,
we found that AND and 5C.C7 T cells reached the same plateau
irrespective of whether the other cell was present (Figures 2E
and 2F). Finally, it has been proposed that the long-term survival
of naive and memory T cells is regulated by clonal abundance—
the competition between identical clonotypes of T cells (Hataye
et al., 2006). Clonal competition, however, did not seem to be the
basis for the differential behavior of 5C.C7 T cells in intact and
lymphopenic mice in the context of chronic antigen stimulation
(Singh et al., 2006; Figures S2D and S2E). Taken together, this
extensive data set is a dramatic demonstration of the idea that
most of the popular conceptions of trophic factors regulating
T cell survival and density in vivo do not apply, at least to the
context of these autoimmune responses. Rather, this suggested
that some other property encompassed within the polyclonal
T cell repertoire underlies the critical regulatory unit, limiting
the overtly aggressive and often pathological T cell responses
revealed during lymphopenic situations.October 19, 2012 ª2012 Elsevier Inc. 737
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Figure 3. An Unbiased In Vivo Screen Identifies T Cells Regulating Antigen-Specific T Cell Numbers
(A) Kinetics of the 5C.C7 T cell response in pooled lymph nodes and spleen of PCC+ Cd3e/ hosts (blue squares), compared to PCC+ mice with an intact
polyclonal repertoire (red circles); Vb3-transgenic mice that have randomly rearranged a chains (brown squares); and 3A9 abTCR+ mice with additional
endogenous TCR rearrangements (green triangles) (n = 2 per time point, one of two similar experiments).
(B) Pools of 100 polyclonal T cells (centipools) transferred to PCC+,Cd3e /mice assayed for ‘‘deletor’’ activity by assaying ‘‘deletion’’ of 5C.C7 T cells in pooled
lymph nodes and spleen, 40–60 days after transfer to mice with an individual centipool (red circles) compared to T cell-deficient controls (open blue squares).
(C) Centipools recovered from pooled lymph nodes and spleen of mice that ‘‘deleted’’ 5C.C7 T cells (closed symbols on right) retested for their ability to restrict
5C.C7 numbers in fresh PCC+, Cd3e/ hosts. The number of 5C.C7 T cells recovered 48 days after transfer to T cell-deficient (open blue squares) or control
centipool containing (open triangles) mice are compared. The p values of one-way ANOVA between control (Ctrl) and PC5 or SA2 were not significant, whereas
differences between Ctrl and PB5, 2PB6, and SX3 were (p < 0.0001).
(D) Normalized microarray data from selected centipools was filtered on select gene signatures found in various regulatory T cell lineages and the relative
expression values plotted against the deletor activity of each centipool. The most active pool is to the left and the least active in the right-most column.
(E) A quantitative trait analysis (QTA) on unfiltered microarray data showing the genes whose expression profile correlate significantly with the deletor activity
observed in each centipool.
(F) The specificity of the ‘‘deletor’’ pools isolated against 5C.C7 T cells (PC5, PB5, or SX3) were retested with a mixed transfer experiment with 5C.C7 and A1(M)
together with each centipool. The number of 5C.C7 T cells remaining in lymph nodes and spleen 40 days after transfer (red bars) is compared to those of A1(M)
T cells (open blue bars) (n = 3 per group, one of two experiments). 5C.C7 numbers in PB5 and SX3 were significantly lower than Ctrl or PC5 (p < 0.001).
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Targeted Regulation of T Cell HomeostasisA Subset of Neighboring CD4+ T Cells Regulates the
Frequency of Autoreactive T Cells
To isolate this property, we fractionated a truly polyclonal T cell
population in an unbiased fashion and subjected it to a functional
screen for deletor activity in vivo. In order to facilitate down-
stream processing of the data (i.e., cloning TCRs), we first
examined whether populations with limited diversity that are
nevertheless polyclonal can mediate the contraction of 5C.C7
T cells. Thus, we first compared the activity of PCC+, 3A9 (not
RAG deficient) and PCC+, Vb3-transgenic T cells (Figure 3A).
Although both models retain endogenous TCR rearrangement
machinery, the TCR transgenes force the expression of an
a+ b chain (3A9) or just a b chain (Vb3) in all the T cells. As a result,
although the latter is expected to have a fairly complex repertoire
due to the necessary random generation of a chains, the former
is most likely to express the 3A9 TCR, with a modest complexity
due to leaky allelic exclusion. Interestingly, the contraction of
5C.C7 T cells showed a good correlation with the diversity of
the repertoire, with the PCC+, Vb3+ hosts showing slightly less738 Immunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc.activity relative to an intact PCC+ host and the PCC+, 3A9 hosts
performing worst, although slightly better than a completely lym-
phopenic PCC+, Cd3e/ host (Figure 3A). We therefore used
T cells from the PCC+, Vb3+ hosts (additionally on a Tcra+/
background to limit each T cell to a single alpha chain) to devise
an in vivo screening strategy to further fractionate the deletor
activity within the polyclonal CD4+ T cell population (Figure S3).
Pools of 100 flow cytometry-sorted CD4+ polyclonal T cells
(centipools) were expanded in vitro and a million progeny of
each was transferred to two PCC+, Cd3e /mice. A week later,
congenically marked 5C.C7 T cells were infused and their
number was enumerated 40–60 days afterward as evidence of
deletor activity (Figure 3B). After discarding three pools with
discordant duplicate mice, a total of 54 centipools were
screened. Because in our original experiments even a million
polyclonal T cells reduced the 5C.C7 T cell density to <2 million,
we assigned this as a cutoff for scoring deletor positive centi-
pools. By those criteria, seven centipools were positive.
However, three of the centipools (PB5, 2PB6, and SX3) were
Immunity
Targeted Regulation of T Cell Homeostasiseffective to a much greater degree, dramatically limiting
5C.C7 T cell numbers to 10,000. From this, the most potent
‘‘deletor’’ activity (in this model) can be calculated to occur every
1 in 1,800 T cells. This calculation, however, is only an estimate
and could be influenced by losses during in vitro culture or adop-
tive transfer— especially if these procedures selectively affected
the deletor T cell subsets.
The populations of PB5, 2PB6, and SX3 centipools remaining
in the recipient mice at the time of analysis were re-expanded
in vitro and retested in vivo to confirm that these cells indeed
retained the ability to restrain 5C.C7 numbers (Figure 3C).
Compared to control populations (PC5 and SA2), mice that
were infused with 100,000 PB5, 2PB6, or SX3 reduced the
number of 5C.C7 T cells within 34 days (Figure 3C). The potent
activity of the centipools might have been due to the presence
of specific lineages of T cells within this population that can
homeostatically regulate autoreactive lymphocytes. However,
there was no enrichment of canonical regulatory or lineage
signatures within these centipools, compared to nondeletor
controls even in a genome-wide expression profiling (Figure 3D).
There is a very limited set of genes, whose modest expression
changes (<3-fold) do correlate with deletor activity when sub-
jected to a quantitative trait analysis (only seven genes with an
FDR < 0.2 and 20 with a parametric p value < 0.001) but these
also do not assign to any canonical T cell functions (Figure 3E).
It was still formally possible that the active centipools were
enriched for T cell phenotypes, albeit of a hitherto undescribed
genetic phenotype, that were potent inhibitors of the survival of
CD4+ T cells in general. Therefore, we tested this possibility by
transferring A1(M) T cells into male PCC+, Cd3e / mice that
received the active or control centipools (Figure 3F). Interest-
ingly, neither centipool that was active against 5C.C7 affected
A1(M) T cells. These data demonstrate that, surprisingly, the de-
letor T cells active against one T cell (5C.C7) do not globally regu-
late all lymphocyte homeostasis, but instead precisely modulate
a particular antigen-specific response in a targeted fashion.
A Single Clonal TCR in the Polyclonal Population
Is Sufficient to Eliminate the Consequences
of Lymphopenia
The ability of the deletor pools to discriminate between 5C.C7
and A1(M) suggested that the TCR specificity of the centipools
might be a critical component of their activity. We dissected
the TCR repertoires in the centipools by cloning and sequencing
individual TCRa chain cDNAs from selected active and control
centipools. Because this analysis was done after recovering
the T cells from the in vivo screen (Figure 3B), and re-expansion
in vitro, they were unlikely to retain the maximal possible
complexity of 100 receptors. We therefore deemed a centipool
as being ‘‘completely’’ sequenced if no new sequences were
obtained on repeated rounds of 96 colony sequencing. By this
criteria, seven centipools (marked in Figure S4A) including two
of the deletor centipools, 2PB6 and PB5, were exhaustively
analyzed and grouped according to their unique V, J, and junc-
tional amino acid sequences (Figure 4A). Some others, including
the remaining deletor positive centipool (SX3), were partially
analyzed (data not shown). The receptor complexity observed
by this criterion within a given centipool did not correlate with
greater deletor activity (Figure 4B), suggesting that individualspecificities, rather than a synergistic repertoire, might be critical
to the activity of a centipool. Furthermore, there was no unique
receptor that was common to the deletor-positive centipools,
whichwould have predicted a suitable candidate for further anal-
ysis (Figure S4B).
We therefore further functionally dissected the most active
centipool PB5 by separating out individual TCRs obtained from
this cohort and retrogenically generating new T cells from 11
of the 13 receptors (Figure S4B). The retrogenic mice were
also chimeric for PCC-expressing bone marrow, but could
not generate other T cells. This allowed us to transfer 5C.C7
T cells and track the autoreactive response in the presence of
an additional monoclonal ‘‘endogenous’’ T cell. Of the 11 TCRs
that were reconstructed and screened in this fashion, only one
receptor, bearing the TRAV14 (Va2) alpha chain, could singularly
recapitulate the deletor potential of the entire polyclonal CD4+
population (Figure 4C). This TCR was unique to the PB5 centi-
pool and was not observed even in receptors recovered from
the other deletor-positive centipools 2PB6 and SX3.
In the PCC model, 5C.C7 T cells trigger a scorable arthritic
pathology, but only in the absence of the endogenous polyclonal
T cell repertoire (Singh et al., 2006).We therefore examined
whether the Va2 deletor T cell, which restrains the density of
5C.C7 T cells, could also abrogate this lymphopenia-enhanced
pathogenicity. Among retrogenic mice expressing six different
TCRs, the presence of the monoclonal Va2 T cells alone pre-
vented immunopathology (Figure 4D). This was also evident in
adoptive transfer experiments to the PCC+, Cd3e/ host, in
which the Va2 T cells and not a control Va10 population was
able to prevent the limb deformations triggered by 5C.C7
T cell-mediated autoimmune arthritis (Figure S4C).
We then asked whether the isolated monoclonal Va2-bearing
T cells could recapitulate the discriminatory characteristic of the
original PB5 centipool toward 5C.C7 and A1(M) T cells. Indeed,
transfers into male PCC+ retrogenic mice showed that only
5C.C7 and not A1(M) T cell numbers were targeted by the pres-
ence of the deletor Va2 T cells (Figure 4E). In summary, by using
systematic dissection of a complex polyclonal repertoire, we iso-
lated from it a unique T cell that can recapitulate the deletor
phenotype of the entire population.
The Deletor T Cell Also Operates Specifically against
Its Target, in the Absence of Cognate Antigen
The specific activity of Va2 against 5C.C7 [and not A1(M)] T cells
is a key aspect of this form of T cell regulation. We therefore set
out to examine the molecular basis for such specificity. The
simplest possibility was that they are both reactive against the
same antigen—PCC. However, in a variety of in vitro and in vivo
assays, we could find no evidence for activation of the Va2 T cell
by PCC or for that matter by idiotopes from 5C.C7 TCR in the
coculture (Figure S5). We therefore considered if the presence
of PCC was required at all for the ability of the Va2 T cell to regu-
late 5C.C7 T cells.
In fact, there is an extensive body of literature (discussed
earlier) examining the effect of lymphopenia on steady state
T cell survival, in the absence of cognate antigen stimulation.
Consistent with this, the lifespan of naive 5C.C7 T cells is also
dramatically altered by the absence of neighboring T cells, and
an abundance of a second TCR transgenic [A1(M)] wasImmunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc. 739
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Figure 4. A Single T Cell Receptor Can Confer Deletor Activity against 5C.C7 and Limit Immunopathology
(A) The frequency of unique alpha chains cloned from seven of the centipools (plottedwith the least active centipool on top and themost active toward the bottom)
represented with their TCR alpha chain variable region (TRAV) distribution.
(B) The receptor diversity of seven selected centipools (x axis) plotted against the efficiency of each pool in limiting 5C.C7 numbers, asmeasured 40–60 days after
cohabitation with the pool (y axis, data from Figure 3B). (A correlation analysis gives an insignificant Spearman R of 0.21, p = 0.66.)
(C) The activity of individual receptors cloned from the pool PB5, against 5C.C7 T cells, as measured by the number of 5C.C7 T cells 40–55 days after transfer to
retrogenic mice expressing individual receptors and PCC; n = 4 per group.
(D) The arthritic pathology elicited by 5C.C7 T cells (scored by limb swelling and deformity [LSD]) in various retrogenic chimeric mice.
(E) The Va2, Vb3 retrogenic mice (male, PCC+) specifically constrain the density of 5C.C7 T cells (red circles) and not A1(M) (open green circles). A control Va10,
Vb3 retrogenic constrains neither [open blue squares, 5C.C7; green triangles, A1(M); n = 3 per group, one of two experiments].
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Targeted Regulation of T Cell Homeostasisinsufficient to restore it (Figure 5A). However, the concept of
clonal competition did apply in this context, given that the pres-
ence of >15 million 5C.C7 T cells could restore the limited life
span of a new 5C.C7 cohort (black triangles, Figure 5A). In addi-
tion, in lymphopenic environments, naive T cells also undergo
a slow proliferative expansion without the help of cognate740 Immunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc.antigen (Cho et al., 2000; Oehen and Brduscha-Riem, 1999).
This lymphopenia induced proliferation (LIP) was also inhibited
by clonal competition, but not an abundance of other mono-
clonal T cells (Figure S6).
In this context, we wondered if the Va2 T cell could in fact miti-
gate the effects of lymphopenia on 5C.C7 T cells, in the absence
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Figure 5. The Activity of the Deletor T Cell Does Not Require the Presence of the Cognate Antigen
(A) The frequency of naive 5C.C7 T cells (CFSE-labeled) tracked in nodes and spleen of intact B10.A hosts (red squares, T half-life = 11 days),Rag2/ hosts (open
squares, T half-life indefinite), A1(M) (TCR-tg), RAG2/ hosts (green triangles, T half-life = indefinite) or congenic 5C.C7 (TCR-tg), Rag2/ hosts (black triangles,
T half-life = 11 days; n = 1 per time point, one of three experiments).
(B) The lymphopenia-induced proliferation of 5C.C7 T cells inRag2/mice (top panel) or those bearing retrogenic Va2+ T cells (middle panel) or control retrogenic
Va10+ T cells (bottom panel).
(C) The number of 5C.C7 T cells (left group) 36 days after transfer to Va2+, Rag2/ mice (red bars) or Va10+, Rag2/ mice (open blue bars) compared to the
recovery of transferred A1(M) (middle bars) or 3A9 (right bars) T cells (n = 4 per group). In an unpaired t test, p < 0.001 for the 5C.C7 T cell groups and not significant
for others.
Immunity
Targeted Regulation of T Cell Homeostasisof PCC. Intriguingly, 5C.C7 T cells transferred into retrogenic
chimeras expressing the Va2 TCR (and no PCC) were prevented
from LIP in comparison to a control lymphopenic chimera or one
expressing the Va10 TCR (Figure 5B). Furthermore, over a 40 day
period, 80% fewer 5C.C7 T cells were recovered from the Va2
retrogenic mice, relative to Va10 retrogenics (Figure 5C). In
striking reiteration of the Va2 T cell’s specificity for 5C.C7
T cells, now even in the absence of PCC, this deletor T cell
had no effect on 3A9 or A1(M) T cell numbers (Figure 5C). These
data suggest that the mechanisms underlying homeostatic
regulation of naive T cells in the steady state and those con-
straining the magnitude of a pathological autoimmune response
converge to a hitherto unappreciated degree.
The Deletor and Effector T Cells Recognize the Same
Subthreshold Ligand
The ability of the Va2 T cell to regulate 5C.C7 T cells in the
absence of PCC prompted us to consider other elements of
shared specificity. In addition to PCC, the 5C.C7 TCR has
been reported to recognize an additional set of peptides (specif-
ically one derived from an endogenous retrovirus, GP), that may
be critical for positively selecting them during thymic develop-
ment (Ebert et al., 2009). We decided to examine their role in
the context of LIP in a Cd3e / host that does not express
PCC. Neither 5C.C7 nor Va2 T cells individually transferred to
such lymphopenic hosts initiated LIP for 7 days. We exam-
ined whether this process could be accelerated by providing
an excess of GP peptide. Interestingly, repeated injection of
high doses ofGP peptide every 2 days for 6 days revealed a small
but reproducible carboxyfluorescein diacetate succinimidyl
ester (CFSE) dilution in the 5C.C7 T cells (Figure 6A). This effect
was much more pronounced when the Va2 T cells were stimu-
lated similarly, suggesting that these T cells could engage GP
peptide more efficiently. Most intriguingly, in a cotransfer exper-
iment, the presence of the Va2 T cell eliminated the small divided
cohort of 5C.C7 T cells observed in response to multiple GP
peptide injections (Figure 6B). The stimulatory activity of theGP peptide itself was not evident in most conventional assays.
In fact, the GP peptide by itself was not able to activate either
the 5C.C7 or Va2 T cell in vitro to proliferate (Figure 6C) or
express CD69 (Figure 6D). This suggests that this particular
peptide delivers a TCR signal that is below the activation
threshold for eliciting classical T cell responses in either T cell.
Nevertheless, this subthreshold interaction provides the struc-
tural basis for a potent regulatory network involving nonclonal
T cells that do not necessarily engage the same agonist.
Deletors for Different T Cell Specificities Occur
in Distinct Colonies
Our data have revealed a regulatory principle inherent in the
polyclonal T cell repertoire that targets 5C.C7 T cells during
steady state homeostasis as well as in the context of an autoim-
mune response. By extension, it is likely that such a specific
regulation operates on every antigen-specific T cell within the
peripheral T cell repertoire. In order to confirm this hypothesis,
we examined a second autoimmune response mediated by
A1(M) T cells responding to their natural self-antigen in male
mice. A1(M) T cells in male, Cd3e / mice produce an autoim-
mune pathology marked by inflamed skin in the ear and snout
(Figure S6C). In contrast, mice with an intact endogenous
polyclonal repertoire did not develop this syndrome (Figure 7A).
In striking similarity to the 5C.C7-PCC model, A1(M) T cells in
male,Cd3e /mice not only expandmore robustly than in intact
male mice, but also maintain a high frequency of cells subse-
quently (Figure 7B). Indeed, the transfer of a single bolus of poly-
clonal CD4+ T cells could reduce the frequency of autoreactive
A1(M) T cells as well (Figure 7C), whereas the presence of
‘‘bystander’’ 5C.C7 T cells could not (Figure 2B). In the case of
the PCC model, one of the earliest indications of a specific
activity within the polyclonal repertoire that was crucial for
controlling the frequency of 5C.C7 T cells was the differential effi-
cacy of the partially polyclonal repertoires generated in the pres-
ence of various TCR transgenes (Figure 3A). A similar experiment
against A1(M) T cells yielded an interesting contrast (Figure 7D).Immunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc. 741
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Figure 6. Shared Recognition of an Endoge-
nous Peptide by the Interacting T Cells
(A) A million adoptively transferred Va2+ T cells
(left), 5C.C7 T cells (right) or a mixture of the two
(bottom-most panels) in B10.A,Cd3e /mice that
do not express PCC, were challenged by three
injections (150 mg each, every other day) of control
Dby peptide (top panels) or gp peptide (middle and
bottom panels) before analyzing CFSE dilution
6 days after transfer.
(B) Quantitation of the number of T cells that have
diluted CFSE from the experiments shown in (A)
with n = 3 per group. The asterisk indicates
numbers below the limit of reliable detection (one
of three similar experiments is shown).
(C) Naive (left six bars) or preactivated (T cells
activated with PMA, ionomycin, and aCD28 for
3 days and rested for 12 days with 10 U/ml of IL-2)
T cells were stimulated in the presence of irradi-
ated B10.A, Cd3e/ splenocytes and 10 mM GP
or 10 mM MCC peptides for 48 hr before tritiated
thymidine incorporation for an additional 20 hr.
(D) Flow cytometry analysis of CD4+Vb3+ T cells
after the culture of a mixture of 5C.C7 (upper
quadrants, CD45.1 +ve) and Va2+ T cells (lower
quadrant, CD45.1 ve) with syngeneic APCs and
no peptide (left panel) or 10 mM concentration of
the GP peptide for 20 hr.
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bar, Figure 7D) could severely limit the A1(M) T cell frequency,
repertoires with lesser complexity (such as the 3A9+, Rag2+
mice with an endogenous receptor rearrangement) show
reduced efficacy. Importantly, the Vb3-transgene repertoire,
which previously was shown to restrain 5C.C7 T cells, could
not affect the A1(M) frequency. Such differences within the
complex specificities of polyclonal repertoires, which can control
individual T cell specificities, are reminiscent of the behavior of
individual monoclonal T cell populations (Figure S6) or fractions
of polyclonal T cells in preventing LIP (Leita˜o et al., 2009; Min
et al., 2004) . Taken together, these data suggest an intricate
organization of the peripheral polyclonal T cell repertoire in which
a hierarchy of subthreshold specificities controls individual T cell
responses very precisely, rather than by limiting the generic
availability of trophic factors alone (Figure S7).
DISCUSSION
We have shown that the homeostasis of antigen-specific CD4+
T cells, in the steady state as well as during a strong antigen-
driven pathogenic response, is regulated by the same nonclonal
neighboring T cells that outcompete the targeted T cell for
specific recognition of a subthreshold peptide-MHC trophic
ligand. These data help resolve several outstanding questions
on the control of CD4+ T cell dynamics, discussed below, and
suggest a conceptual framework for envisioning the functional
architecture of the peripheral T cell repertoire (see Figure S7).
The first of these is regarding the role of public versus cognate
factors in peripheral T cell homeostasis (Figure S7B). The exten-
sive data set in this report argues that competition between
CD4+ T cells for generic trophic resources is unlikely to be the
major regulator of helper T cell frequency in vivo. Clearly, a variety742 Immunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc.of such factors are critical for T cell survival in a global sense
(Marrack and Kappler, 2004). In the absence of signals from
the gc cytokines, for example, a profound lymphopenia is
observed, although CD4+ T cells (of an activated phenotype)
are less affected (DiSanto et al., 1996; Lantz et al., 2000). But
because T cells widely express receptors for these factors, it is
not easy to explain how such a public competition can ensure
the stable maintenance of individual specificities within a diverse
repertoire. We resolved this question with a cellular strategy—
packing mice with defined populations of T cells that can
compete with the target T cell for some or all of the public factors.
This strategy avoids the complexities of using genetic knockouts
or blocking antibodies for individual factors and replaces it with
cells that can compete physiologically for these resources. An
argument can be made that it is still a low-density sampling of
the T cell universe, given that the few TCR transgenics used in
our packing experiments may not represent the full range of
possibilities in a diverse repertoire. In this context, the negative
results within our in vivo screen provide a more striking
illustration. Here, the bulk of the pools, effectively representing
>99.9% of the peripheral T cell population from a polyclonal
repertoire, fail to modulate the density of 5C.C7 T cells. Although
these data clearly eliminate public factors as the sole determi-
nants of peripheral homeostasis, it is still possible that they
play a critical but secondary role in the process.
Of the cognate factors (sensed via the TCR) that remain, the
restricting MHC element itself (IEk for 5C.C7) was also not suffi-
cient because the similarly restricted A1(M) T cell did not affect
the frequency of 5C.C7. Competition for the cognate antigen
itself is certainly widely reported in models that use acute immu-
nization (Smith et al., 2000). However, in the chronic antigen
model, two T cells specific for the same antigen with TCRs that
are known to have different affinities for IEk-PCC (AND and
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Figure 7. Distinct Polyclonal Subsets Regulate a Different Antigen-
Specific TCR
(A) The pathogenicity of A1(M) T cells in T cell-deficient (blue lines), but not
intact (red) male mice. Sample of the inflammation is shown in Figure S6B
(n = 52 each group, over eight experiments).
(B) The expansion of A1(M) T cells in male mice with an intact endogenous
polyclonal repertoire of T cells (closed circles) compared to male T cell-defi-
cient (Cd3e /) hosts (open blue squares). One of two similar experiments is
shown with n = 2–4 mice per time point (points without error bars have n = 2).
(C) The kinetics of expansion and contraction of A1(M) T cells in male B10.A,
Cd3e / recipient mice (open blue squares) compared to recipients that
previously received 1 3 106 polyclonal male T cells, a day before (closed red
symbols); n = 3–4 mice per time point.
(D) The recovery of A1(M) T cells at 38 days from male mice that do not have
endogenous T cells (0), compared to those that bear the Vb3 or 3A9(ab)
transgenes (in the presence of RAG genes that allow for varying degrees of
endogenous TCR rearrangement and development as well; n = 5 for each bar).
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Targeted Regulation of T Cell Homeostasis5C.C7) did not affect each other’s numbers. Although the lack of
an effect on AND numbers in particular could be attributed to the
known cross-reactivities of AND to other ligands on IEk, 5C.C7
(not known for such cross-reactivities) also remains unaffected
when competing with AND for PCC.
Finally, several elegant studies have shown that competition
between large numbers of identical clones of T cells interfere
with the survival and response of each other (Hataye et al.,
2006; Moses et al., 2003; Troy and Shen, 2003). Indeed, clonal
competition does work in our model as well, when measured
by the steady state survival or acute activation of 5C.C7 T cells
(Sojka et al., 2004). However, in the absence of a clear mecha-
nism for this phenomenon, it was difficult to envision how it
would operate within a polyclonal repertoire. In our data, the life-
span of 5C.C7 T cells was similar in hosts with a normal poly-
clonal population and in TCR transgenic mice with 10–15 million
5C.C7 T cells. This would imply that there are as many relevant
clones in the polyclonal repertoire tomimic the clonal abundance
of a monoclonal TCR transgenic animal. But most strikingly, the
5C.C7 T cells in a PCC+ but lymphopenic host routinely expand
to 10–15 million. If clonal competition was a dominant determi-
nant of the frequency of 5C.C7 T cells, these abundant clones
should have efficiently interfered with one another - or for that
matter a 2nd cohort of 5C.C7 T cells (Singh et al., 2006). The isola-tion of the Va2+ deletor T cell finally allowed us to resolve these
paradoxical observations and propose a unifying model. This
deletor was not a clonal competitor of 5C.C7 but shares
a subthreshold ligand with it (Figure S7C). Most importantly, it
did not share any cognate antigen specificity with its target
that we could detect.
This last property is crucial, given that one of the conse-
quences of chronic antigen stimulation in vivo is the induction
of T cell tolerance—in this case, by a process involving the tuning
of TCR proximal signaling molecules (Choi and Schwartz, 2007;
Singh and Schwartz, 2003). As a result, a T cell that is constantly
stimulated by agonistic self (or in some cases chronic-pathogen
derived) antigens would get blunted in its ability to transduce
signals via the TCR. This is likely to render that T cell a poor
competitor for antigens. In essence, the tuning process elimi-
nates the distraction afforded by clonal competition and allows
one to hone in on the relevant activity within the truly polyclonal
repertoire. Given that the deletor also inhibits the proliferation of
5C.C7 T cells in PCC-negative lymphopenic hosts (in a manner
similar to clonal competition), it is likely that the unifying feature
underlying both phenomena is indeed the recognition of the
same universe of self-ligands.
Other than the shared recognition of a subthreshold ligand, the
deletor T cell does not seem to possess a unique property that
defines it as a separate lineage. Further studies are required to
clearly establish whether the deletor-capable receptor does
also trigger a new gene expression signature in the T cells.
Furthermore, although the deletor activity did not enrich with
regulatory T cells, it must be pointed out that it was not depleted
in the Foxp3+ve population either. In addition, although the early
expansion of the 5C.C7 T cells was also blunted slightly by the
Va2+ deletor T cells, this effect was not as pronounced as the
effect of total polyclonal T cells. It is likely that other mechanisms
such as Treg cells may therefore be involved during this phase
(Vanasek et al., 2006). Although the term ‘‘deletor’’ described
the initial phenotype, this activity is not akin to cytotoxic killing.
Rather, the loss of antigen-specific T cells usually reported as
‘‘clonal deletion’’ is a likely consequence of the restoration of
homeostasis (by competition with the deletor T cells) after an
overshoot of T cell numbers during the initial antigen-specific
expansion. In fact, if we titer the initial frequency of 5C.C7
T cells to a number low enough to prevent their initial overshoot,
the deletor dependent homeostatic process (in an intact host)
merely constrains the cell number to a low plateau (Steinert
et al., 2012) without any real ‘‘deletion phase.’’
Finally, the nature of the subthreshold self-ligand itself raises
interesting questions. At least one peptide that anchors the inter-
action between the deletor and 5C.C7 is one recently identified
as a positively selecting ligand for the 5C.C7 TCR (Ebert et al.,
2009). Although it is tempting to speculate that a direct correla-
tion might exist between thymic selection and peripheral regula-
tion, previous studies have failed to validate a linear relationship
(Bender et al., 1999; Clarke and Rudensky, 2000; Ebert et al.,
2009; Ernst et al., 1999; Goldrath and Bevan, 1999; Kieper
et al., 2004). In fact in our experiments, polyclonal T cells that
are selected in a thymus that did not afford an IEk positively se-
lecting signal to 5C.C7 T cells still possessed deletors capable of
regulating them. Therefore, a more critical requirement might
simply be for the ligand to be nonagonistic but consistentlyImmunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc. 743
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enough for a competitive process to operate. In many cases,
positively selecting ligands are likely to satisfy these criteria
and this might in fact be a strong teleological reason for retaining
peptide-specific positive selection in the thymus. But certainly
other sources of these ligands can arise in the periphery (from
tissue-specific antigens, products of commensal organisms,
etc.), which might even qualitatively modulate the complexity
of T cell repertoires in different tissue locations even before an
antigen-specific response.
In this context, the ability of the deletor to regulate 5C.C7
numbers even in the presence of chronic PCC presentation is
quite intriguing. This implies that interactions with the ‘‘nonstimu-
latory’’ weak ligands (that allow the deletor to dominate) are still
relevant even though a stimulatory agonist is available. One
potential explanation could be that the sub-threshold ligands
and the agonists elicit qualitatively different signals downstream
of the TCR. The former may in fact be more potent at triggering
some pro-survival signals within the T cell than even the agonist.
Alternately, the subthreshold ligands may be segregating to
specialized subsets of APCs, which might allow the interacting
T cells to obtain secondary survival signals. The segregation of
the peripheral ligand on special APCs could also explain the
ability of numerically fewer deletors to control more abundant
target T cells after a clonal expansion. Given that the relevant
niches are limited, a few potent deletors could effectively block
access to these, at least temporally. These mutually nonexclu-
sive models will require further experimental validation, but
have important consequences for our understanding of periph-
eral T cell responses.
These data are the strongest experimental evidence yet,
in support of an emerging model envisioning the peripheral
T cell repertoire as subdivided into small homeostatic units or
colonies (Figure S7D) (Hao et al., 2006; Hataye et al., 2006;
Leita˜o et al., 2009; Min et al., 2004; Takada and Jameson,
2009). Each colony can be defined as a group of TCRs that share
the recognition of a specific set of endogenous subthreshold
ligands, although their cognate agonists differ greatly. In such
a model, the size of each colony would probably depend on
the amounts of the subthreshold ligand presented in vivo and
be strictly regulated by intra-colony competition for these
ligands. Within each colony, individual clones would be able to
respond to their disparate cognate antigens during an infection
or injury (Figure S7E). But most importantly, after the clearance
of antigen (or the induction of tolerance), the number of
antigen-specific T cells would be controlled primarily on the
basis of competition between members of its own colony
(Figure S7F). Given that this process avoids rampant bystander
losses that might be a side effect of competition for public
resources, the overall diversity of the repertoire would be mini-
mally affected. The teleological advantage of such a mechanism
would be tomaintain the broad diversity of the naive andmemory
T cell repertoire, especially in the context of multiple recurrent
infections from diverse pathogens. Clearly such a model would
have profound implications on our attempts to manipulate the
immune response in various clinical contexts. Learning to iden-
tify and manipulate the dynamics of individual microcolonies
could be key to developing vaccines capable of generating
long-lasting antigen-specific T cells or conversely, ameliorating744 Immunity 37, 735–746, October 19, 2012 ª2012 Elsevier Inc.autoimmunity by reducing the life span of autoantigen-specific
effectors.
EXPERIMENTAL PROCEDURES
Please refer to the Supplemental Information for more detailed Experimental
Procedures.
Mice and Cells
Strains used were bred to a B10.A (H-2a) background. All TCR transgenics
were additionally on a Rag2/ background, unless specifically stated. The
PCC transgenic was originally generated by Oehen et al. (1996) with a plasma
membrane targeting sequence linked to the synthetic PCC exon. T cells for
transfer experiments were isolated from pooled lymph nodes (LNs). All animal
experiments were approved by the DIR/NIAID Animal Care and Use
committee.
FACS Analysis and Sorting
5C.C7 T cells were detected by double staining for CD4 and Vb3 in Cd3e/
mice and additionally with Ly5.1 in intact mice or Ly5.1 or Va11 in the presence
of other retrogenic T cells. For flow cytometry sorting, LN cells were enriched
by negative selection with a lineage cocktail bound to Dynabeads indirectly
and subsequently stained for appropriate T cell subset-specific antibodies.
Sorts were typically >99% purity.
In Vitro Culture
T cell proliferation was assayed with 10,000 cells, 25 fold excess of B10.A,
CD3e/ splenocytes (irradiated at 3000R) and indicated doses of peptide
for 60 hr before pulsing with 1 mCi of 3H-Thymidine. After 20–24 hr, harvested
cells were analyzed for incorporated radioactivity. The peptides used for stim-
ulating T cells in this study are as follows: MCC (88-103), PCC (81-104), Dby
(197-211), and GP (557-611).
Screening for ‘‘Deletor’’ Activity
T cells from B10.A,Vb3 tg, Tcra+/ mice that express the beta chain from the
5C.C7 TCR and an assortment of endogenous alpha chains were seeded at
a frequency of 100 cells per well by dilution, in a 24-well plate. These cells
were stimulated with 1 ug/ml Ionomycin, 200 ng/ml PMA, 10 U/ml IL-2, and
diluted anti-CD28 ascites solution or with 10 mg/ml Staphylococcus entero-
toxin A. All wells received 1 million irradiated B10.A, CD3e/ splenocytes
as a source of APCs. Three days later, the culture medium was added to bring
up the volume to 1 ml. Three days later, the media was replaced with one sup-
plemented with 20 U/ml of IL-2 and IL-7. Three days later, the cells were
harvested and transferred to six-well plates. The medium was replaced every
2 days as before and after 8 days. Wells with at least 2 million T cells were used
for transfers to fresh B10.A,PCC+, CD3e/ mice. 7 days later, 5C.C7 T cells
were transferred in and their frequency enumerated 40–60 days later.
TCR Alpha Chains and Retrogenic Mice
RNA isolated from expanded centipools was reverse transcribed and the
cDNA amplified with previously published 50 primers for the alpha chain (Alli
et al., 2008) (see Table S1) and modified 30 TCR Ca primer (50-CTCCCTG
CAGGGACTGGACCACAGCCTCAGCGT-30). Amplified cDNA from pools of
TCRs was cloned and individual clones sequenced. Verified sequences
from the PB5 centipool were subcloned into a modified pMSCV-puro vector.
Ecotropic retroviral particles generated from these constructs were used for
infecting bone marrow cells from B10.A,Vb3+, Rag2/ mice (PCC+ or
PCC), which were seeded into irradiated recipient mice (B10.A, CD3e/
or Rag2/). In experiments requiring peripheral PCC expression, the trans-
fected bone marrow was also mixed (1:1) with B10.A, PCC+, and CD3e/
BM cells.
Microarray and Statistical Analysis
Microarray data (GEO accession # GSE35220) was analyzed with BRB-
ArrayTools developed by R. Simon and the BRB-ArrayTools development
team with the Quantitative Trait Analysis module. All statistical tests were per-
formed with the modules in Graphpad prism v5 (Graphpad Software Inc., CA).
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